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PREFACE 


The investigation here reported was carried out at the Depart- 
ment of Serology and Bacteriology of the University of Helsinki 
during the period November 1955 to December 1957. I wish to 
express my sincere gratitude to Professor K. O. Renkonen, M.D., 
head of the Department and my esteemed teacher. He suggested 
the subject of the investigation, placed the laboratory facilities at 
my disposal, and through every phase of the work supported it 
with his generous guidance. His unfailing interest created an 
encouraging atmosphere in which it was a pleasure to work. 

I also acknowledge with gratefulness the assistance received 
from Professor Olavi Erametsé, Dr. Techn., of the Institute of 
Technology, Helsinki, who supplied me with several of the metallic 
oxides necessary for the experiments and gave me valuable advice 
and suggestions concerning the work. 

My sincere thanks are also due to Mrs. Marjatta Waadndanen, 
C.Eng., who prepared many of the metallic salt solutions in the 
laboratory of the Institute of Technology. 

I greatly appreciate the assistance which I received in the 
collection of bibliography from Mrs. Hilkka Kauppi, Mag. Phil., 
and Miss Eeva Raatikainen, librarians at the Department of 
Serology and Bacteriology. 

I am also indebted to Miss Elvi Kaukokallio, who translated 
the manuscript into English. 


Helsinki, January 1958 
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INTRODUCTION 
RARE EARTH METALS 


The group of rare earth metals consists of the 17 elements listed 
in table 1. Earlier the mixture of praseodymium and neodymium 
was called didymium (Di). With respect to their chemical properties, 
rare earth metals form a very uniform group and they have a similar 
atomic structure. All members of the group have two electrons in 
their outer shells, their inner shells being not completely filled. 
Scandium, yttrium and lanthanum can be readily placed into 
group III of the periodic table of the elements, but the other 14 
metals have been given consecutive atomic numbers and have been 
placed as a single group immediately after lanthanum. The valence 
of rare earth metals is usually 3. Cerium also forms stable salts, 


Table 1. — The Rare Earth Metals 


Hember Metal Symbol | Weight 
59 Praseodymium................ Pr 140.92 
61 Il 146 ? 
63 Eu 152.00 
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in which it is 4-valent. In addition, certain other metals may also 
be present as 2-, 4- or 5-valent in their compounds (Hodgman 1947, 
Riesenfeld 1950). 


ACTION OF RARE EARTH METALS ON BACTERIA 


Bacteriostatic Action. — Drossbach (1897) was the first to study 
the bacteriostatic action of the salts of rare earth metals. He demon- 
strated that La(NO,), and Di(NO,), when mixed with nutrient 
medium in a concentration of 1:2000, Ce(NO ), in concentration of 
1:1000, and 2NH,NO,Ce(NO,), in concentration of 1:200 were 
capable of inhibiting the growth of Staphylococcus aureus and of 
random air-borne bacteria. 

Frouin ef al. published a number of studies on the effects of 
salts of rare earth metals on bacteria, in which they also dealt 
with the bacteriostatic action of these salts. They demonstrated 
that when La,(SO,)3, Ce,(SO,4)3, Pra(SO,4)3, Nd.(SO,)3 or Sm,(SO,)3 
were mixed with the nutrient medium in a concentration of 1:1000 
the growth of Pseudomonas pyocyaneus was inhibited by the latter 
three, but that of the tubercle bacillus by Pr,(SO,), and Nd,(SO,), 
only (1912 a, 1912 b). In the same concentration Y,(SO,)3, La,(SO,)3 
and Er,(SO,)3 were capable of inhibiting the growth of the dysentery 
bacillus (1919). Y,(SO,4);, Ce(SO4)5, Pr (SO,), and Nd,(SO,)3 
in a concentration of 1:500 retarded the growth of Bacillus subtilis 
but did not completely inhibit it (1913). 

Eisenberg (1919) studied the bacteriostatic activity of several 
metallic salts, using peptone broth agar as nutrient medium. 
As the bacteriostatic value he stated the lowest molar concentra- 
tion at which there was a definite growth-inhibiting action. Among 
‘the salts of rare earth metals he studied Y(NO,),, Nd(NO,), and 
certain salts of cerium. The bacteriostatic values of the nitrates of 
these metals and of CeCl, are shown in table 2. On the basis of the 
results obtained by him with nitrates, Eisenberg gave as the 
order of toxicity of the cations Y<Nd<Ce, although the differences 
between the values were not great. In his experiments, B. vulgare 
(Proteus vulgaris) was relatively resistant to the bacteriostatic 
action of 

Hotchkiss (1923) found that CeC], ina 0.0005 molar concentration 
inhibited the growth of Escherichia coli in peptone water. 
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Table 2. — Bacteriostatic Values of Salts of Rare Earth Metals in 
the Experiments of Eisenberg (Molar Concentration) 


Metallic Salt 
Bacterium Y(N CeCl 

eee 0.010 0.012 0.006 0.009 
Sarc. tetrag. 1... 0.010 0.016 0.006 0.023 
0.010 0.020 0.012 0.023 
M. candic. ...... 0.010 0.012 0.006 0.023 
Cor. diphther. .... 0.010 0.012 . 0.006 0.023 
Cor. pseudodiphth. 0.010 0.012 0.006 0.023 
0.026 0.020 0.006 0.023 
0.026 0.020 0.006 0.023 
...... 0.010 0.020 0.006 0.023 
B. pyocyaneum .. 0.010 0.020 0.006 0.023 
0.156 0.020 0.012 0.023 
7. cholerae 8 .:.. 0.010 0.008 0.006 0.016 


Urbain and Goret (1933) demonstrated that 3:1000 was the 
lowest concentration in which the growth of Brucella abortus Bang 
was inhibited by La,(SO,)5, Ce(SO,)3, Pro(SO,4)3, Nd,(SO,), and 
Sm,(SO,)3. They observed no difference in the toxicity of the 
different cations. 

Burkes and McCleskey (1947) studied the bacteriostatic action 
of salts of lanthanum and cerium on 39 bacterial strains using 
peptone agar as nutrient medium. The lowest bacteriostatic con- 
centration of LaCl, varied from 0.0004 to 0.0008 molar and that 
of CeCl, from 0.0006 to 0.0012 molar, an exception being Pseudo- 
monas graveolens, the growth of which was inhibited by LaCl, 
in a 0.0002 molar concentration. 

Rantasalo (1948) demonstrated that the bacteriostatic concen- 
tration of Ce(NO3), in blood ascites agar was against the diphtheria 
bacillus, staphylococcus and streptococcus 0.025 molar and against 
the pneumococcus 0.010 molar. 


The bacteriostatic action of salts of only seven rare earth metals 
has been studied so far. The results reported for the experiments 
differ to some degree, chiefly owing to differences in the methods 
used. In studies comparing the salts of the different metals, the salts 
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either have a similar bacteriostatic action or show but relatively 
small differences. With the exception of lanthanum and cerium, 
no studies have been made of the possible selectivity of the toxic 
action of the different cations against several bacteria. 


Bactericidal Action. — Dryfuss and Wolf (1906) demonstrated 
that an 0.8 per cent solution of LaCl, had no effect on Bacillus 
subtilis in 30 minutes but that it killed the bacterium in 90 minutes, 
Similar solutions of PrCl, and NdCl, also were incapable of 
destroying B. subtilis in 30 minutes, but subcultures showed only 
poor growth, which was weaker in the latter than in the former. 
On this basis they placed the cations in the following order of 
toxicity: La<Pr<Nd. 

Oelze (1916) found that colloidal cerium in a concentration of 
1:1000 did not kill the gonococcus in 3 hours. In studying the 
pharmacology of cerium, Hara (1923) demonstrated that CeCl, 
mixed in a gelatin solution of temperature 37°C had a bactericidal 
action against Bacterium typhi in 2 hours in a concentration of 
1:150, whereas the concentration 1:400 was incapable of killing 
the bacterium in 31 hours. 

The Institute of Pharmacology of the University of Florence 
has published a series of investigations on the biological action 
of rare earth metals. It was demonstrated by Aiazzi-Mancini (1926) 
that 0.05—10 per cent solutions of LaCl, had no effect in 30 minutes 
on Bacillus subtilis, Staphylococcus aureus or Staphylococcus albus. 
He made the subcultures into broth. Later Niccolini (1930, 1931) 
studied the action of PrCl, and SmCl, and Guidi (1930) that of 
NdCl, against the staphylococcus, streptococcus and typhoid 
‘bacillus using the following technique. Bacteria were taken with 
a loop from a fresh culture and placed in one drop of salt solutions 
of various concentrations. Thirty minutes later subcultures were 
made with a loop on agar. The results were read when the dish 
had been kept at 38°C for 18 and 40 hours. 

Both PrCl, and NdCl, had a stronger bactericidal action against 
the staphylococcus and typhoid bacillus in concentrations of 
medium strength than in higher concentrations. NdCl, in a concen- 
tration of 5:10* was fully bactericidal against the typhoid bacillus, 
whereas concentrations 5:10? and 5:104 permitted a slight growth 
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in subcultures. Concentrations 5:10?—5:104 retarded the growth 
of the staphylococcus, the strongest action being seen in concentra- 
tion 5:10*. PrCl, retarded the growth of the typhoid bacillus in 
concentrations of 5:102—5:108, the concentrations 5:10 and 5:104 
showing the greatest growth-retarding action. The latter two 
concentrations also retarded the growth of subcultures of staphylo- 
coccus, whereas 5:10? and 5:105 permitted normal growth. This 
phenomenon was not seen in studies with the streptococcus, and 
higher concentrations had only a slightly retarding effect on its 
growth in subcultures. Niccolini suggested that the phenomenon was 
probably due to a reversible reaction between the metal and pro- 
teins, which possibly may be influenced by the degree of ion 
dissociation, as well as due perhaps also to the astringent action 
of the metal. 

SmC], was bactericidal to the streptococcus in a concentration 
of 5:10? and to the typhoid bacillus in concentrations of 5:10?— 
5:108, but in lower concentrations it had no effect on the subcul- 
tures of these bacteria. On the basis of these results Niccolini con- 
cluded that the toxicity increases with increasing atomic weight, 
accordingly in the order La<Pr<Nd<Sm. 

The present writer (1953) studied the bactericidal action of 
salts of yttrium, lanthanum, cerium, praseodymium, neodymium, 
samarium, europium and ytterbium. No definite conclusions were 
possible from the results obtained, since the experiments were 
carried out on four strains of bacteria only and there were varia- 
tions in the toxicity of the metallic salts towards the different 
species. It appeared probable, however, that the bactericidal action 
of the cations increased with greater atomic weight, the only excep- 
tion being yttrium, which had a greater toxicity than a number of 
other metals of greater atomic weight studied. Salt solutions in 
10-*—10-* normal concentrations were used in the experiments. 
In a few separate experiments using 10~’ normal solutions, these 
solutions were found in some cases to have a weaker bactericidal 
action than the lower concentrations. 


The bactericidal action of rare earth metals has been the subject 
of a still smaller number of investigations than the bacteriostatic 
action. According to these investigations, the bactericidal action 
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of the cations increases with an increasing atomic weight, yttrium, 
however, being an exception. In studies of the bactericidal action 
of different concentrations of aqueous solutions of metallic salts 
it has been observed that some concentrations may occasionally 
be more toxic than both the higher and the lower concentrations. 


Oxidising Salts. — On reduction, oxidising salts generally have 
a strong bactericidal action. Albertoni, Garelli and Barbieri (1906) 
studied this property of 4-valent cerium. They prepared potassium 
ceric sulfate and placed it on the market in Ferrara under the name 
of ceriform. It proved to be a good antiseptic, and when used in 
wounds and surgical operations it was found to be non-toxic in 
man. 

Nature of Toxic Action. — Using radioactive La! as tracer, 
Wurm (1951) demonstrated that Streptococcus faecalis absorbed 
lanthanum from the LaC], solution. The greater the amount of 
lanthanum or bacteria in the solution, the larger the amount of 
metal which was absorbed by the cells. The temperature used 
(4°—37°C) had no significant effect on the amount of cation 
absorbed. Wurm demonstrated further that lanthanum inhibited 
the growth of Str. faecalis by binding the inorganic phosphates in 
the nutrient medium, but that it also had an inhibitive effect on 
the metabolism of the bacterium in a phosphate-free environment. 

Few studies have been published on the biological effects of 
rare earth metals. We have as yet no knowledge of these effects 
of several of the metals in this group. Therefore it is not possible 
to say exactly on what is based their inhibitive action on bacterial 
metabolism and their lethal action on the bacterium. A single 
reaction can hardly serve to explain it. Like the injurious effect 
of other metals on bacteria, it evidently is the sum of many factors. 

The action of numerous enzymes depends on the presence of 
their -SH groups. Such enzymes are, for example, alcohol dehydro- 
genase, succinic dehydrogenase and phosphoglyceraldehyde dehy- 
drogenase, which are indispensable for the carbohydrate metabolism 
of the cell. A number of ions of heavy metals may combine with 
the -SH groups and thus inactivate the enzyme (Harding and 
Raleigh 1950, Werkman and Wilson 1951, Thimann 1955). 

Fildes (1940) demonstrated that the bacteriostatic effect 
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of HgCl, solution can be counteracted by the addition of, for in- 
stance, glutathione, which contains free -SH groups. It is evident 
that mercury combines reversibly with the -SH groups of the en- 
zymes of the cell and thus inhibits the cell metabolism. If, however, 
HgCl, solution of a sufficiently high concentration is allowed to 
act on the bacterium for some length of time, the action will become 
bactericidal. Irreversible changes are produced in the cell and 
cause its death. It has not been possible to determine the nature 
of these secondary changes. The cell may become disorganised 
in the absence of enzymic action, or the metal ions may combine 
with the other components of the cell, thus inhibiting its vital 
functions. It is possible that the mechanism of toxic action of 
most of the other heavy metals is similar to this (Werkman and 
Wilson 1951). 

The present writer has found no reports stating whether or 
not rare earth metals are capable of combining with the -SH 
groups of enzymes. It has been demonstrated, however, that they 
have an effect on enzymic action. YC], reduces the activity of 
the succinic dehydrogenase system in vitro, whereas in low con- 
centrations LaCl,, NdCl, and NaSm(SO,), stimulate this activity. 
On the other hand, both YC], and LaCl, inhibit the adenosine 
triphosphatase system in vitro (Horecker ef al. 1939, Cochran ef al. 
1950). 

Bamann ef al. (1954 a, 1954 b, 1954 c, 1955 a, 1955 b, 1956) 
published a series of investigations in which they demonstrated 
that under physiological conditions in vitro lanthanum and cerium 
are able to catalytically decompose a number of mono- and diesters 
of phosphoric acid which are important for the living organism. 
Bamann presented an explanation for the toxic action of rare earth 
metals on the basis of this property. According to this explanation, 
these metals on entering a living cell decompose important com- 
pounds of phosphoric acid or inhibit their formation, and thus 
disturb the cell metabolism by inhibiting physiological reactions 
and leading them in the wrong direction. 

In the experiments of Bamann (1954 c) the decomposition of 
desoxyribonucleic acid occurred at a very slow rate. It was prac- 
tically not at all decomposed by cerium, and it took over 100 days 
to effect the 10 per cent decomposition caused by lanthanum. Stern 
and Steinberg (1953), on the other hand, demonstrated that yttrium, 
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lanthanum, praseodymium, neodymium and samarium may react 
with desoxyribonucleic acid in vitro and form an insoluble 
compound. Rare earth metals may also, by combining in this man- 
ner with components of the cell, injure its structure. 

Stimulating Action on Bacterial Growth. — It was demonstrated 
by Frouin ef al. (1912 b, 1923) that La,(SO,)3, Ce,(SO,4)3, Pr.(SO,)s, 
Nd,(SO,); and Sm,(SO,), added to the nutrient medium in a concen- 
tration of 1 : 20000 stimulated the growth of the tubercle bacillus. 
In the experiments of Urbain and Goret (1933) the same salts in 
concentrations of 1—2: 1000 stimulated the growth of Brucella 
abortus Bang. Hotchkiss (1923) found that a 0.00001 molar con- 
centration of CeCl, stimulated the growth of Escherichia coli in 
peptone water, and Shearer (1922) that 0.00005 molar concen- 
trations of La(NO3),, CeCl, and YbCl, stimulated it in broth. 

Antagonistic Action of Salts. — Brooks (1921) observed that 
La(NO,), in 0.00005—1.0 molar concentrations inhibited the 
production of CO, by Bacillus subtilis, whereas a 0.000006 molar 
concentration stimulated it. This inhibiting action of La(NO,), 
was weakened by NaCl and to a slight extent also by CaCl,. The 
maximum antagonistic effect was seen in a mixture containing 
99.8 parts of NaCl and 0.2 parts of La(NO,),, or 8 parts of CaCl, 
and 2 parts of La(NOg)s. 

Burkes and McCleskey (1947) reported that a 0.5 molar con- 
centration of MgCl, decreased the bacteriostatic action of CeCl,. 
NaCl had no effect on this action of CeCl,. 
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OBJECT OF THE INVESTIGATION 


Since 1946 a series of investigations on the action of metallic 
salts on micro-organisms has been published from the Department 
of Serology and Bacteriology of the University of Helsinki. Alha 
(1946) studied the germistatic and germicidal actions of salts of 
metals of group I of the periodic table and Koulumies (1946) those 
of salts of metals of group II on a large number of germs, and Ranta- 
salo (1948) the effect of salts of some metals of groups III—VIII 
on certain pharyngeal bacteria. The work now reported was a con- 
tinuation of this series. The object was to study the toxic action 
on bacteria exerted by salts of as many rare earth metals as possible. 
The cost of most of these salts is so high, however, that the writer 
could not consider mixing them into the nutrient media to study 
their bacteriostatic effect, as was done with other metals in the 
previous investigations. The toxicity of the salts was therefore 
determined only by bactericidal experiments, for which smaller 
quantities of metallic salts were necessary. 

Special attention was paid to the following points: 


1) Can differences be demonstrated in the bactericidal effect 
of the different cations? 

2) Do the bacteria examined exhibit a selective resistance 
towards any cation? 

3) How far can the observation that in a dilution series some 
concentrations may be more bactericidal than concentrations 
which are higher and lower be applied to the bactericidal 
action of salts of the rare earth metals? If so, can any con- 
clusions be drawn concerning the reasons for this difference? 


Salts of the following nine metals were used in this investigation: 
Scandium, yttrium, lanthanum, cerium, praseodymium, neo- 
dymium, samarium, europium and ytterbium. It was not possible 
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to procure salts of the other rare earth metals because of their high 
price. Very few studies have been published on the toxicity towards 
bacteria of the metals used in the present work, with the exception 
of lanthanum and cerium. Nothing is known in this respect con- 
cerning scandium, and a single short paper has been published on 
europium and ytterbium (Muroma 1953). 

The use of highly sensitive bacteria is not possible in bactericidal 
experiments. On the basis of good growth on simple nutrient media 
under aerobic conditions, 24 strains of 13 species of bacteria were 
selected for the test organisms. 
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TECHNIQUE 


SURVEY OF THE LITERATURE 


In studying the bactericidal effect of a solution it is possible, 
on principle, to select between two methods, i.e., an exact and an 
applied method (Hammerschmidt 1942, Zeller 1949, Lautenschlager 
and Schmidt 1954). In the former, or suspension method, the 
solution under examination is inoculated with bacterial suspension, 
and after a given time a subculture is made in nutrient medium. 
The results obtained with the suspension method cannot be applied 
as such into actual use, since in practice the environment surround- 
ing the bacteria usually reduces the effect of the disinfectant. When 
the suspension method is used the bacteria do not have the pro- 
tection provided by such an environment, and the potency of the 
disinfectant is therefore maximal. More closely comparable to 
practical disinfection is the applied method, in which the bacteria 
are fixed to a solid body which then is immersed for a given period 
in the solution under examination and thereafter transferred to 
the nutrient medium for control of residual growth. 

There has been a great deal of discussion in the literature con- 
cerning the superiority of the two methods. So far no method has 
been devised for the examination of a disinfectant which would 
fill all requirements. Criticism has been directed against the sus- 
pension method for a number of reasons (Gruber 1892, Hailer 1921, 
Vierthaler 1938 a). The results obtained with it depend upon the 
concentration of the bacterial suspension; some disinfectant is 
carried over to the subculture and therefore only a small proportion 
of the bacteria under examination is transferred to the subculture; 
in inoculating the disinfectant with the bacterial suspension some 
nutrient medium may accompany the latter and lower the effect 
of the disinfectant. The influence of these unfavourable circum- 
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stances, however, may be diminished by means of a suitable tech- 
nique. The applied method, on the other hand, is considerably 
more complicated, the reactions are slower, and the disinfection 
value depends essentially on the nature of the substance to which 
the bacteria are fixed (Hammerschmidt 1942). Therefore, for the 
comparison of the disinfection values of different solutions the 
suspension method fills the purpose better and it is more simple 
and reliable, but if we furthermore wish to study the suitability 
of a substance for use in practical disinfection it is well to employ 
also the applied method (Lange 1921, 1923, Hornung 1935, Vier- 
thaler and Shaw 1938 b, Hanne 1938). In the investigations of 
Alha (1946) and Koulumies (1946), of which the present work is a 
continuation, the bactericidal experiments were carried out by 
the suspension method. 

To obtain reliable values for comparison by the suspension 
method it is necessary always to use bacterial suspensions of equal 
concentration (Reichenbach 1922, Lange 1922). However, the 
use of strong suspensions is not advisable. In the experiments of 
Hiickel (1926) the bacteria were more resistant in strong than in 
weak suspensions. He isolated from the strong suspensions pro- 
tective substances which he added to the weak suspensions, with 
the result that the resistance of the bacteria in the latter increased. 
According to the experiments of Gewehr (1930), these substances 
originated in the nutrient medium. Vierthaler and Shaw (1938 b) 
found that even slight changes in the density of strong suspensions 
cause variable test results, whereas changes in the density of weaker 
concentrations are not reflected as sensitively in the results. On 
the other hand, very dilute suspensions should be avoided, since 
this may cause uneven inoculation of the subculture. 

In experiments made by the suspension method, usually some 
disinfectant is inevitably carried over to the subculture. In the 
case of large experimental series it is not possible to wash off the 
disinfectant from every sample (Alha 1946, Koulumies 1946). Wash- 
ing might furthermore injure the bacteria and thus detract from 
the reliability of the results. Winslow and Brooke (1927) found 
that certain bacterial strains were capable of surviving in an aqueous 
solution but frequently were killed rapidly when centrifuged and 
suspended in water two or three times. If, again, the disinfectant 
in the sample transferred to the subculture is eliminated by the 
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addition of a substance reacting with it, a new chemical compound 
is produced which also may exert an action on the bacteria. The 
error caused by the presence of disinfectant in the subculture is 
less significant when comparative experiments are made, since 
it has a similar trend in all the experiments. The effect of the dis- 
infectant in the subculture is best diminished by making the sub- 
culture in as large an amount of liquid nutrient medium as possible. 
When parallel subcultures are made on solid nutrient medium and 
in broth, the growth in the former may be poor although in the 
latter it may be rich (Hammerschmidt 1942). Therefore, when 
using the suspension method it is advisable to make the subcultures 
in liquid nutrient medium. 

Differences may be seen in the results of parallel disinfection 
experiments made by the same technique, however accurate it 
may be. Such differences are presumably a result of biological 
differences in the bacteria (Hornung 1935, Hanne 1936, 1938, Schu- 
bert 1941, Hammerschmidt 1942). The determination of disinfection 
is not the performance of a chemical reaction but of a biological 
test in which absolute results are not obtainable (Hanne 1936). 
For this reason, in employing the suspension method a single test 
should not be considered sufficient. Hanne recommended that 
not less than three or more parallel tests should be made in 
evaluating the effectiveness of various disinfectants. 


MATERIAL 


Metallic Salts. — Each metal was studied by using its chloride. 
The effect of the Cl ion on bacteria is very slight, and thus the 
toxic effect of the metallic salts examined is chiefly due to the cation 
(Eisenberg 1919). On comparison of the results obtained with the 
metallic salts the differences are due to variations in the effect 
of the metallic ions, since the effect of the Cl ion is the same in 
all cases, 

All the cations used in this investigation were trivalent. With 
the exception of YbC],, all the salts were prepared from the metallic 
oxides. La,O3, Ce,03, Prz03, Nd,O3, Sm,O, and Eu,O, were isolated 
by Olavi Erametsad, Dr. Techn., Professor of Inorganic Chemistry 
at the Institute of Technology, Helsinki. Their purity was over 
99 per cent, with the exception of Pr,O;, which contained a small 
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amount of La,O;. To prepare the solutions the required amount 
of oxide was weighed, dissolved in a small amount of hydrochloric 
acid, and evaporated slowly to dryness in a sand bath. The metallic 
chloride so produced was dissolved in a given amount of distilled 
water to obtain a solution of the highest concentration used in 
the experiments. The other concentrations were prepared from 
this stock solution by dilution with sterile distilled water. 

The Sc,0, and Y,O, used in the experiments were manufactured 
by Fairmount Chemical Co., United States, and the ytterbium 
chloride by New Metals and Chemicals, England. The purity of 
Y,0, was 99.9 per cent. The manufacturers did not state the 
purity of Sc,0, or of ytterbium chloride, but these compounds 
were analysed at the Institute of Technology, Helsinki, under 
the supervision of Professor Erametsa using a 2 metre spectrograph 
with a grating of 24400 lines per inch, manufactured by the Applied 
Research Laboratories. The purity of Sc,0, was found to be over 
99.7 per cent and that of Yb,O, prepared from ytterbium chloride 
over 99 per cent, the latter containing about 0.3 per cent of CaO. 
To avoid error due to possible crystal water the amount of pure 
YbCl, in the ytterbium chloride was determined by combustion 
analysis (M. Waadndnen, C. Eng., Institute of Technology, Hel- 
sinki) and on this basis a stock solution of the required concentration 
was prepared in distilled water. 

Bacteria. — Most of the bacteria used in this investigation were 
obtained from routine samples sent for examination to the Depart- 
ment of Serology and Bacteriology of the University of Helsinki. 
Bacteria No. 15, 16, 19 and 21 were strains stored in the Depart- 
ment. Bacteria No. 12, 13, 17 and 18 were received from the col- 
lections of the State Serum Institute, Helsinki, and are indicated 
by the number of the collection in parentheses in the following 
list, in which the examined bacterial strains and the identifying 
numbers used in the present work are given. The nomenclature 
used is according to Breed et al. (1948). 


1. Micrococcus pyogenes var. aureus 

2. Micrococcus pyogenes var. aureus 

3. Streptococcus pyogenes (B- haemolyticus) 
4, Streptococcus pyogenes (B- haemolyticus) 
5. Streptococcus faecalis 
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6. Streptococcus faecalis 
7. Bacillus subtilis 

8. Escherichia coli 

9. Escherichia coli 

10. Escherichia coli 

11. Salmonella typhimurium 

12. Salmonella typhimurium (S 1107) 
13. Salmonella paratyphi B (8006) 

14. Salmonella paratyphi B 

15. Salmonella typhosa 

16. Shigella paradysenteriae Flexner 
17. Shigella paradysenteriae Flexner (8192) 
18. Shigella dysenteriae (8217) 

19. Klebsiella pneumoniae 
20. Klebsiella pneumoniae 
21. Proteus mirabilis 
22. Proteus mirabilis 

23. Pseudomonas aeruginosa 

24. Pseudomonas aeruginosa. 


Nutrient Media. — The following nutrient media were used for 
the cultivation of the bacteria. 


Broth 
Peptone (Merck) ............ 10.0 
Meat infusion (Liebig) ...... 3.0 
Distilled water .............. 1000.0 


The mixture was steamed for 20 minutes. The pH was then ad- 
justed to 7.5—7.6 by the addition of a 10 per cent solution of NaOH. 
The mixture was steamed for a further 5 minutes, passed through 
a strainer and sterilised in an autoclave at 120° C for 20 minutes. 


McLeod’s Nutrient Medium 


Peptone (Merck) ............ 10.0 
Meat infusion (Liebig) ...... 3.0 
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The mixture was steamed, neutralised and sterilised in the 
same manner as the broth. It was allowed to cool to 80°C, after 
which 100.0 of defibrinated horse blood was added. The mixture 
was heated in steam until it turned brown, and allowed to cool 
to 45°C, when 100.0 ascites was added. The nutrient medium was 
then poured into Petri dishes. 


PERFORMANCE OF THE EXPERIMENTS 


As mentioned above, many of the metallic salts used in this 
investigation are very expensive, and therefore only the bactericidal 
experiments could be carried out with these salts. Furthermore, 
only very small amounts were available of some of these salts, 
and this placed limitations also on the bactericidal experiments 
with them. Only relatively dilute metallic salt solutions could be 
made for the experiments, and the volume of solution available 
for each test was unavoidably small. 

The bactericidal effect of the metallic salts was studied by 
the suspension method. Unless otherwise stated, the bacterial 
suspensions and salt solutions were prepared in distilled water. 
In the experiments of Winslow and Brooke (1927) the bacteria 
were capable of living as well in distilled water as in NaCl and glu- 
cose solutions. 

For each separate experiment a fresh bacterial suspension was 
prepared. Four cc. of sterile distilled water was pipetted into a 
15 x 150 mm. test tube, and bacteria which had been cultivated for 
24 hours in McLeod’s nutrient medium at 37°C were transferred 
into the tube with a platinum loop. The density of the suspension 
was compared with a similar control tube containing 4 cc. of BaSO, 


solution and bacteria were added until the turbidities in the two 


tubes were equal when estimated with the naked eye. The BaSO, 
solution was prepared by adding 0.1 cc. of BaCl, solution of 0.01 
molar concentration to 10 cc. of 1-n H,SO,. The bacterial suspension 
so obtained was diluted with sterile distilled water in the ratio 1 : 11. 
This suspension, containing, on an average, 9 million staphylococci 
per 1 cc. determined by the plate counting method, was found to 
be suitable for these experiments. In parallel experiments it gave 
reproducible results, and the dilute salt solutions used had a bac- 
tericidal action on it already within a short time. 
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The highest concentration of the metallic salt solutions used 
was 1 1/9 10~1 molar. Of ScCl,, SmCl, and EuCl, it was possible 
to prepare 1 1/9 x 10~? molar solutions only. By dilution with sterile 
distilled water in the ratio 1:10 a series was prepared in which 
the lowest concentration was 1 1/9x10~’ molar. Then 0.9 cc. of 
each dilution was pipetted into a test tube 10 x 100 mm., and 0.1 cc. 
of bacterial suspension was added to each tube. Thus a series of 
metallic salt solutions was obtained in which the strongest solution 
was 10~* or 10~? molar and the weakest solution 10~7 molar. The 
tubes were stored at room temperature. Then 5 minutes, 1 hour 
and 24 hours after addition of the bacterial suspension samples 
were taken with a platinum loop into test tubes 15 x 150 mm. con- 
taining 10 cc. of broth. The diametre of the loop was 2 mm. and 
it was rinsed in distilled water and sterilised in a flame between 
the taking of each sample. Since Sir. pyogenes did not grow in broth, 
the samples of this bacterium were taken in the same manner on 
McLeod’s nutrient medium by drawing with the platinum loop 
a wavy line about 4 cc. long. The subcultures were kept at a tem- 
perature of 37°C for 48 hours, and the results were then read. 

Two control tubes were added to each dilution series. Into one 
of the control tubes was pipetted 0.9 cc. of sterile distilled water 
instead of the metallic salt solution, and 0.1 cc. of bacterial sus- 
pension was added. Into the other tube was pipetted 0.9 cc. of 
distilled water only. In order that an exreriment would be accept- 
able, the former tube had to give a positive and the latter a nega- 
tive result. 


EVALUATION OF THE RESULTS 


If a broth tube in a series of subcultures was entirely clear the 
result was considered to be negative. In the presence of a slight 
but definite turbidity it was considered to be positive. Similarly 
in the experiments in which the subcultures were made on solid 
nutrient medium, even slight growth was interpreted as a positive 
result. 

It was already mentioned above that diverging results may 
be obtained in parallel disinfection experiments. In the present 
investigation, also, diverging results were occasionally seen in 
parallel experiments performed in the same manner. Mostly these 
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differences were seen between consecutive dilutions at the border- 
line of the toxic effect. For this reason each experiment was repeated 
a number of times in the following manner. 

Four parallel experiments were first made of each series of 
dilutions. The result for each dilution was evaluated separately. 
If it was negative in not less than three parallel tests, the result 
was considered negative, but if in two or more cases a positive 
result was obtained the dilution was noted down as positive. 

When a result greatly diverging from those of other correspond- 
ing tubes was obtained, or if the different strains of the same bac- 
terial species showed marked differences, the result was checked 
by making four additional parallel tests, which were evaluated 
according to the principles stated above. In some cases in which 
the results of the first two additional tests conformed with those 
of the first four parallel tests, these two additional tests were con- 
sidered to be sufficient. 


— 
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RESULTS AND DISCUSSION 


Table 3a shows the results of bactericidal experiments made 
with Micrococcus pyogenes var. aureus (bacterium No. 1). In table 
3b the same results are given in a simplified form. Tables 4—25 
present in the latter form the results of the experiments with the 
other bacteria. : 

The data in the tables are relative values which cannot in any 
way be applied to actual use, for the results obtained with the 
suspension method are entirely dependent on the ratio between 
the amount of disinfectant and the amount of bacteria. 

The test results for B. subtilis are not shown in the tables since 
the tested concentrations of metallic salts had no inhibitive effect 
on the growth of subcultures of this bacterium. The 24-hour tests 
with Salm. typhosa and the two strains of Ps. aeruginosa were 
also excluded from the tables since these bacteria died already in 
the distilled water within this time. 

When a bacterium is injured, all of its vital functions do not 
cease at the same time. Lange (1926) demonstrated that through 
the action of the disinfectant the bacterium may lose its patho- 
genicity although it still retains its reproductive power. The nega- 
tive results in tables 3—25 indicate that the bacterium had been 
injured in the salt solution in such a manner that it was no longer 
capable of growth when transferred to the nutrient medium. For 
practical reasons the term »dead» is used in reference to cases of 
this kind. However, this does not exclude the possibility that the 
bacterium retained other vital functions not easily definable. 
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Table 16. — Salmonella typhosa (No. 15) 


For explanations see tables 3a and 3b 


Metallic 5 Minutes 1 Hour 
| Salt 10-5 10-8] 10-7 
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Table 24. — Pseudomonas aeruginosa (No. 23) 
For explanations see tables 3a and 3b 


Metallic 5 Minutes 1 Hour 

Salt {49-1 10-2|10-8|10-4 10-5 10-8|10-7 10-1|10-2|10-3|10-4 10-5 10-8|10-7 | 

_SeClg..--| | | | | |S 

..| | | | | | 
YbCls ~ |B ite i | 


Table 25. — Pseudomonas aeruginosa (No. 24) 
For explanations see tables 3a and 3b 


| Metallic 5 Minutes 1 Hour 
| Salt 10-5|10-6|10-7 
_SeClg...-| | | | | | 
LaClg 
NdClg 
a 


ACTION OF METALLIC SALTS IN SUBCULTURES 


The following experiment was made to determine the amount 
of metallic salt solution that was carried over to the subculture by 
the platinum loop. With a loop similar to that which was used 
in inoculating the subcultures, 1000 loopfuls of water were taken 
from a container, which was weighed before and after this proce- 
dure. The loss of weight was found to be 1708 mg. Accordingly, 
one loopful contained an average of 1.7 mg. of water. i 

When such a loopful of metallic salt solution was put into 10 cc. 
of broth, a dilution of 1.7 x 10~* was obtained. When the 10~? molar 
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concentration of salt solution was used, the salt concentration 
in the subculture was 1.7x10~° molar, in the following dilution 
it was 1.7 x10, and so on. 

Earlier investigations reported in the literature (see In- 
troduction) demonstrated that the 2x10~* molar concentration 
is the lowest at which salts of rare earth metals have been observed 
to have a bacteriostatic action. However, all the metallic salts 
used in the present investigation have not been studied earlier. 
For this reason a loopful of every bacterium with the exception. 
of Str. pyogenes was transferred from the aqueous control solution 
to 10 cc. of broth to which one loopful of the strongest metallic 
salt solution had been added. Not a single salt solution had an 
inhibiting effect on bacterial growth in this experiment. Thus the 
action of a metallic salt in broth cannot be the cause of the negative 
result in any of the bactericidal experiments made. 

On the other hand, in the experiments in which the subcultures 
were made on solid nutrient medium the salt solution remained 
undiluted on the surface of the medium, and thus at least the 
strongest concentrations had possibly an inhibitive effect on bac- 
terial growth. It is possible, however, that the nutrient medium 
may have somewhat reduced the bacteriostatic effect of the metallic 
salt. 

As appeared from the survey of the literature in the Intro- 
duction, the salts of rare earth metals in the 10~° to 5 x 107° molar 
concentrations have been found to have a stimulating effect on 
bacterial growth in broth and peptone. In a discussion of the results 
of the present investigation it is therefore necessary to take into 
consideration any stimulation of growth produced by the higher 
concentrations of metallic salt solutions in the subcultures. 


PARADOXICAL EFFECT 


As seen from nearly every table, a higher concentration of 
the metallic salt occasionally permitted the growth of the bac- 
terium in the subculture, while a lower concentration of the salt 
had a bactericidal effect. In the present report this effect is referred 
to as the »paradoxical effect». 

The phenomenon was seen in the effect of all the metallic salts 
studied and with most of the bacteria. It was not limited to any 
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given concentration but occurred at random within the range of 
the bactericidal concentrations. The toxic action began frequently 
with the 10~*, 10~° and 10~* molar concentrations and appeared 
only later in the 10~? molar concentration. In some cases the toxic 
action began in the 10~? molar concentration sooner than in the 
molar concentration. 

The paradoxical effect was more common in the 5 minute and 1 
hour tests, whereas in the 24 hour tests it was only seen in a few 
cases in which the bactericidal effect was usually weak in the shorter 
experiments. On the other hand, the phenomenon was observed 
more rarely in experiments in which the bactericidal effect of the 
salt was marked already within a short time, as was generally the 
case with ScCl,, for example. If the action of the salt in the 5 minute 
test was relatively effective, the paradoxical effect was generally 
not seen in the 1 hour test. The results thus suggested that the 
bactericidal action of aqueous solutions of chlorides of rare earth 
metals sometimes occurs more rapidly in lower concentrations 
than in higher concentrations, but that after a sufficiently long 
exposure time this paradoxical effect disappears and all the con- 
centrations, from the strongest to the weakest bactericidal con- 
centration, are bactericidal. It seems that the higher the 
effectiveness of a salt is, the shorter is the time required for the 
disappearance of the paradoxical effect. 

In earlier investigations on the bactericidal effect of the salts 
of rare earth metals, determined by methods of a corresponding 
type, the same paradoxical phenomenon was observed as in the 
present work (see Introduction). The only report which the present 
writer has come across concerning a similar toxic effect of the 
salts of other metals is that by Alha (1946). With serial dilutions 


of CuCl, in distilled water he found that after 1 and 5 minutes’ 


exposure there were two germicidal zones, i.e., higher concentrations 
and 0.01 to 0.0001 molar solutions, whereas no germicidal action 
appeared in a 0.1 molar solution. In physiological saline solution 
this phenomenon was not observed. 

The paradoxical effect cannot be ascribed to the stimulating 
action of the metallic salt in the subculture since it was seen also 
in experiments in which the subculture was made on a solid nutrient 
medium and in which the stimulating effect could not be present. 

It has been demonstrated in recent years that a dissociated 
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metallic salt solution not only contains molecules, cations and 
anions but also complex ions formed by them (Nasdnen 1949). In 
order to find out whether the paradoxical effect is due to this cause, 
two additional bactericidal test series were made with bacterium 
No. 12, with which the paradoxical effect was seen after all three 
exposure times. The technique used was identical with that used 
in the previous series, but the solutions of metallic salts were made 
in the one case in physiological (0.9 per cent) saline solution instead 
of distilled water, and in the other case in a dilute glucose solution 
selected at random, in a concentration of 0.5 per cent. The results of 
these additional experiments are shown in tables 26 and 27. Neither 
of the two experiments showed any paradoxical effect. Thus it seems 


hardly probable that the formation of complex ions would produce 


the paradoxical effect. Such an effect is probably due to a difference 
in the action of aqueous solutions of different concentrations on the 
properties of the bacterial suspension or on the bacterial cell. 
Doerr (1920) and Vorschiitz (1921) found that the salts of lan- 
thanum, cerium and praseodymium were capable of agglutinating 


suspensions of various kinds, those of bacteria, for example. Girard | 


and Audubert (1918, 1921) and Shearer (1922) found that the bac- 
teria had in aqueous solutions a negative charge which diminished 
after the addition of a small amount of La: or ion. 
When a sufficient amount of ion was added the charge disappeared 
completely and agglutination of the bacteria occurred. 

Northrop (1923) studied the agglutination produced by various 
concentrations of metallic salt solutions. LaCl,, the only salt of 
rare earth metals used by him, differed from the other salts examined 
in the respect that it had two effective zones. In concentrations of 
2x10-* to 8x10~% equivalents per litre the agglutinating effect 
was slight or absent, depending upon the concentration of the 
bacterial suspension, whereas in higher or lower concentrations 
it produced a marked agglutination. 

It is not impossible that the poorer agglutinating capacity 
of the medium concentrations may be associated with the para- 
doxical effect observed in the present investigation. In a given 
concentration the positive trivalent cations in a bacterial suspension 
may change the properties of the suspension in such a way that 
the sensitivity of the bacteria to the toxic effect of the cations 
increases or decreases. 
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Our present knowledge of the toxic effect of metallic salts on 
bacteria is, however, so deficient that the paradoxical effect cannot 
as yet be explained with any certainty. This phenomenon would 
be well worth a special study. Among other things, such a study 
might shed light on the factors underlying the injurious action 
of metallic salts on bacteria. 


RELATIVE TOXICITY OF THE METALLIC SALTS 


In the bactericidal experiments carried out in this investigation 
the disinfection event was a continuous process bringing about 
the death of all the bacteria in the test tube within a given 
length of time. It was only after this time that a sample of the 
tube contents could be considered to have given a negative result. 
The time varied somewhat in tests made with different strains of 
a bacterial species, and occasionally with different bacteria of 
one and the same strain, as a result of variations in the resistance 
of the individual bacteria. 

The results with samples taken at 5 minutes and 1 hour depended 
upon these variations in resistance. On the basis of these results 
it was possible to study the rate of effect of the metallic salts and 
its variations on different bacterial strains, but they did not give 
reliable data concerning the relative toxicity of the various salts. 

After 24 hours’ exposure these variations in resistance were no 
longer of any noteworthy significance and the results were more 
consistent. The 24 hour experiments were therefore best suited 
for a comparison of the relative toxicity of the metallic salts. 

The experiments made with aqueous solutions only will be 
first examined below. 

24 Hour Experiments. — With the exception of the experi- 
ments with bacteria No. 4 and 5, the paradoxical effect was seen 
only in a few isolated cases in the 24 hour experiments. This effect 
is of no practical importance in this connection and is therefore 
not taken into consideration in the following comparison of the 
toxicity of the metallic salts. 

In the experiments with bacteria No. 1—3, 6, 8, 11—14 and 
16—22 the lowest bactericidal concentration of the metallic salts 
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tested varied in most cases between 10~* and 10~° molar. An excep- 
tion was ScCl,, which in 5 cases (bacteria No. 13, 14, 16, 21 and 
22) was bactericidal in the lowest concentration used, and in 3 cases 
(No. 2, 11 and 19) in the 10~® molar concentration. Exceptionally 
YCl, (No. 11), EuCl, (No. 21) and YbCl, (No. 20) were also bac- 
tericidal in the 10~® molar concentration with regard to one bac- 
terium each. 

Thus it appears from these results that ScCl, possesses in 24 
hours a greater toxicity against certain bacteria than the other 
salts tested, and that the other salts are similar to each other in 
toxicity. Within 24 hours all of the latter attained the same bac- 
tericidal concentration, which varied between 10~* and 10~° molar. 
This fluctuation between two successive dilutions has no practical 
significance, since it falls within the limits of experimental error. 
There were only three isolated exceptions to this rule. 

In the 24 hour test the remaining 4 bacteria (No. 4, 5, 9 and 
10) gave results which diverged from the foregoing. In many respects 
these results were similar to those obtained with the other bacteria 
after 5 minutes’ and 1 hours’ exposure. It is therefore possible 
that since these four bacterial strains were more resistant, especially 
the slower metallic salts did not attain in 24 hours their full toxic 
effect with regard to these strains. Accordingly it was not possible, 
on the basis of the results with these four bacteria, to determine a 
definite order of toxicity between the salts. 

5 Minute and 1 Hour Experiments. — The salts can be given 
no definite order on the basis of their action against bacteria No. 3, 
4, 11 and 16 after 5 minutes’ and 1 hours’ exposure, for the rates 
of toxic effect showed no clear differences. On evaluation of the 
effect on the other bacteria in tables 3—25 the following opinion 
- may be formed concerning their relative rate of effect. 

ScCl, had the most rapid rate of toxic effect of the salts 
examined. In most cases this salt was bactericidal already within 
5 minutes in the 10~* molar concentration. The following group 
was formed by YCl,, SmCl,, EuCl, and YbCl,, which also had a 
relatively rapid effect. In many cases the toxic action was seen 
already after the 5 minutes’ exposure and the action was effective 
in most cases in 1 hour. A relatively slower group consisted of LaCl,, 
CeCl,, PrCl, and NdCl,. These had a bactericidal effect in 5 minutes 
in a few cases only, and also in the 1 hour test the effect was weak, 
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the bactericidal effect was generally seen only in the higher con- 
centrations, or the paradoxical effect was frequently seen, the 
last mentioned probably being due, as stated above, to the slow — 
action of the concentrations of medium strength. 

However, owing to the variable resistance of the different 
bacterial strains towards the salts, the following exceptions from 
these rules were seen. In the experiments with bacteria No. 1, 
2 and 9, only ScCl, had a definitely more rapid effect than the 
other salts, all of which had an about equally rapid effect in these 
cases. The same was true of the effect of ScCl, and YbCl, against 
bacterium No. 21. Exceptionally the effect of NdCl, was relatively 
rapid against bacteria No. 5 and 19, the effect of YCl, was rela- 
tively slow against bacteria No. 8, 14, 15, 23 and 24 and that of 


-ScCl,, YCl, and YbCI, relatively slow against bacteria No. 5 and 


6. The most important of these exceptions are dealt with in the 
section »Relative Resistance of the Bacterial Strains.» 

Accordingly, ‘the cations tested can be arranged in the following 
order with respect to their rate of effect: 


La, Ce, Pr, Nd< Y, Sm, Eu, Yb<Se. 


The group La, Ce, Pr, Nd and the group. Y, Sm, Eu, Yb are arranged 
in the order of atomic weight, since the results of the present experi- 
ments do not permit the arrangement of the members of either 
group in any given order within the group. 

With some exceptions, the toxicity of metallic ions increases 
with increasing atomic weight (Wilson and Miles 1955). This rule 
is not applicable to the metals examined in the present experi- 
ment, which, independent of differences in the atomic weight, 
were equally bactericidal after 24 hours’ exposure. In addition, 
scandium, which has a considerably lower atomic weight than the 
other metals, exerted a greater toxicity than the other metals 
towards certain bacteria. Furthermore, the rate of action of the 
metals did not increase with the atomic weight. On the contrary, 
the less heavy metals scandium and yttrium had, in comparison 
to the other metals, a relatively rapid action. r 

The radii of the tested cations are stated in the following 


list according to Hodgman (1947): 
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La 1.22 A 
Ce 1.18 A 
Pr 1.16 A 
Nd 1.15 A 
Sm 1.13 A 
Eu 1.13 A 
Y 106A 
Yb 1.00 A 
Sc 0.83 A 


A comparison of the results obtained in the present experiments 
with the radius of the cations reveals a correlation between them. 
The bactericidal effect of the cations becomes more rapid in the 
same order as the radius of the cations decreases. The present writer 
has found no reference to such a correlation in the literature. The 
rate of bactericidal action of the rare earth metals, all of which 
have very similar chemical properties, appears to depend upon the 
size of the ion and possibly upon other properties of the ion 
connected with its size. | 

For chelates of the primarily ionic type the strength of chela- 
tion should be dependent on the ratio e?/r, where e = charge of 
ion, and r = radius of ion. Since all the rare earth metals have the 
same charge, their relative strength of chelation should depend on 
the ratio 1/r. On the basis of experiments it indeed seems very 
probable that the order of decreasing radius of ions of rare earth 
metals, or the above stated order of increasing rate of toxicity, 
is also the order of increasing stability constant of the rare earth 
chelates of ethylenediamine tetraacetic acid (Martell and Calvin 
1956). In other words, the rate of toxicity of the rare earth metals 
is probably dependent on their capacity to form chelates. 

Conclusions and Comparison of the Results. — The results of the 
present bactericidal experiments revealed that there were variations 
in the rate of bactericidal action of metallic salts, but that after 
24 hours’ exposure an equally great toxic action was exerted by 
all the salts with the exception of ScCl,, which in this time was 
more toxic towards certain bacteria than the other salts. The 
toxicity of the metallic salts was not related to the atomic weight, 
but with the decreasing radius of the cations there was an increase 
in the rate of bactericidal action. 
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The results obtained in the present investigation are in agree- 
ment with the results of earlier investigations reported in the 
literature and referred to in the Introduction, in which no signif- 
icant differences were observed in the bacteriostatic action of 
salts of various rare earth metals. In the bacteriostatic effect, of 
course, the rate of action has no significance. The differences 
observed in earlier investigations in the strength of the bactericidal 
action of salts of various rare earth metals may be attributed to the 
fact that the results were based on experiments with short exposure 
times, when variations in the rate of action of the salts influenced 
the results. 

When the results given in tables 26 and 27 on experiments 
with bacterium No. 12, in which the salt solutions and bacterial 
suspensions were made in a 0.9 per cent NaCl solution or a 0.5 per 
cent glucose solution instead of in distilled water, are compared 
with the results given in table 13, we observe that the bactericidal 
effect of the metallic salts in physiological saline solution was 
slower in the 5 minute and 1 hour experiments than that of salts 
in distilled water, whereas hardly any differences were seen in the 
24 hour experiments. In table 26 the rate of effect of ScCls, CeCl, 
and YbCl], was more rapid than that of the other salts. The effect 
of the metallic salts was still slower in.0.5 per cent glucose solution 
than in physiological saline solution or in distilled water, only 
ScCl, having a nearly as rapid action as that in distilled water. 
According to the results of the 24 hour experiments, ScCl3, SmCl,, 
EuCl, and YbCl, had a greater toxicity than the other salts; how- 
ever, the reason for this may be the slow action of the latter. 
Accordingly, also the results in tables 26 and 27 are in agreement 
with the order given above for the rate of action of the cations, with 
the exception of the unusually rapid action of CeCl, in table 26 
and the relatively slow action of YCl, in table 27. 

The pharmacological toxicity of 6 rare earth metals is shown 
in table 28 according to the data given in the literature. It is 
observed that salts of these 6 metals differ but slightly in pharma- 
cological toxicity. Only Sm(NO,), differs in this respect from the 
other salts, for according to the studies of Steidle its toxic effect 
on the frog is not as great as that of Y(NO,);. 
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Table 28. — Pharmacological Toxicity of Salts of Rare Earth 


Metals 
Metallic Salt and Its Lethal Dose (Investigator stated 
in parentheses) 
DLmin. for Frog DL; for Rat 
Y(NO,), 0.35:1000 YCI, 0.45:1000 
(Steidle, 1929 a) (Cochran, 1950) 
Lanthanum ..| {LaCl, 3.5:1000 |LaCl, 0.35:1000 
(Vincke, 1938) (Cochran, 1950) 
Cerium ......|CeCl, 0.3:1000 ‘|CeCl, 4.0:1000 [| 
(Hara, 1923) (Vincke, 1938) 
(Vincke, 1938) 
Neodymium ..| |NdCl,4.0:1000 | 
(Vincke, 1938) 
«| 
(Steidle, 1929 b) 


RELATIVE RESISTANCE OF THE BACTERIAL STRAINS 


In order to obtain a clear and comprehensive picture of the 
selectivity of the toxic action of metallic salts towards different 
bacteria, it would be necessary to carry out bacteriostatic experi- 
ments in which the salt is mixed with the nutrient medium, and 
several sensitive bacterial strains should be examined. However, 
salts of the rare earth metals, with the exception of those of lantha- 
num and cerium, are very expensive and such experiments could 
therefore not be made. For the same reason these salts have no 


- practical importance in routine bacterial analyses and disinfection. 


On the other hand, fairly extensive studies have been carried out 
with salts of lanthanum and cerium, as appeared from the Intro- 
duction, and they have been found to have no marked selective 
action against various bacteria. The main attention in the present 
investigation was therefore paid to a comparison of the toxic action 
of the different metallic salts. Nevertheless, some conclusions 
concerning the relative resistance of the bacterial strains may be 
drawn from the experiments made. 

None of the salts had a bactericidal effect on B. subtilis even 
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during 24 hours’ exposure. This was probably due to the spores of 
this bacterium, which generally are rather resistant to the toxic 
action of disinfectants. 

The effect of the metallic salts usually was slower on Gram- 
positive than on Gram-negative bacteria. Most salts, it is true, 
had a bactericidal effect on both strains of Str. pyogenes already 
in the 5 minute and 1 hour experiments in 10~' to 10-? molar 
concentrations. This, however, may have been a result of the bac- 
teriostatic action of the metallic salt on the surface of the solid 
nutrient medium used in the subcultures of this bacterium. 

The four strains of streptococcus tested were relatively resist- 
ant to the bactericidal action of ScCl, and YbCl,. These salts, 
which generally were bactericidal already during a short exposure, 
had no effect on the streptococcus in the 5 minute and 1 hour 
experiments. Their action was weak also in the 24 hour experi- 
ments; YbCl,, for example, had no bactericidal effect on one strain 
of Str. pyogenes (No. 4) during this exposure time. 

The three strains of E. coli showed exceptionally great differ- 
ences. Bacterium No. 8 gave results similar to those of Gram- 
negative rods in general, but No. 9 was relatively resistant to all 
the salts with the exception of ScCl,, and No. 10 was relatively 
resistant to CeCl,, PrCl, and SmCl;, On the basis of the present 
experiments it is not possible to conclude whether this was because 
these salts had not yet attained their full effect within 24 hours, 
or because only the higher concentrations of these salts had an 
effect on the bacteria. 

The other bacterial strains studied showed no definitely demon- 
strable selective resistance towards any of the metallic salts 
examined. 
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SUMMARY 


For investigation of the bactericidal action of salts of the rare 
earth metals a study was made of the action of 9 salts, i.e., ScCl,, 
YCl,, LaCl,, CeCl,;, PrCl,, NdCl;, SmCl,, EuCl,; and YbCl, on 
24 strains of 13 species of bacteria selected on the basis of good 
growth on simple nutrient media under aerobic conditions. 

The suspension method was used in the experiments. With 
a few exceptions to be stated later, the bacterial suspensions 
and salt solutions were prepared in distilled water. Each bacterial 
suspension was pipetted into serial dilutions of the salt solutions 
and after 5 minutes, 1 hour and 24 hours subcultures were made in 
broth. McLeod’s solid nutrient medium was used for the subcul- 
tures of Sir. pyogenes. The results were determined on the basis of 
at least four parallel experiments. 

The metallic salt was not removed from the samples used for 
the subcultures. However, the salts had no bacteriostatic effect 
in any of the subcultures made in broth. In the experiments in which 
solid nutrient medium was used for the subcultures, the highest 
concentrations of the salt solutions may possibly have had an 
inhibitive effect on the growth of bacteria in the subcultures. 

In the bactericidal experiments a higher concentration of 
every metallic salt occasionally permitted the growth of the bac- 
terium in the subculture, while a lower concentration of the salt 
had a bactericidal effect. This effect is referred to as the »paradoxical 
effect». The results suggested that the bactericidal action of aqueous 
solutions of chlorides of rare earth metals sometimes occurs more 
rapidly in lower concentrations than in higher concentrations, but 
that after a sufficiently long exposure time this paradoxical effect 
disappears and all the concentrations, from the strongest to the 
weakest bactericidal concentration, are bactericidal. It seems that 
the higher the effectiveness of a salt is, the shorter is the time 
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required for the disappearance of the paradoxical effect. The effect 
disappeared when a 0.9 per cent solution of NaCl or a 0.5-per cent 
solution of glucose was substituted for distilled water in the prep- 
aration of the salt solutions. Thus it seems hardly probable that 
differences in the dissociation of the metallic salts in the various 
concentrations, for example a formation of complex ions, would 
produce the paradoxical effect. It is difficult to explain the under- 
lying cause of the paradoxical effect and we can only state that 
such a phenomenon exists. 

The cations tested can be arranged in the following order with 
respect to their rate of effect: 


La, Ce, Pr, Nd < Y, Sm, Eu, Yb < Sc. 


Groups La, Ce, Pr, Nd, and Y, Sm, Eu, Yb are arranged in the 
order of atomic weight and no statement concerning differences in 
the bactericidal effect of the members of either group is implied. 
However, after 24 hours’ exposure an equally great toxic action 
was exerted by all the cations with the exception of Sc, which in 
this time was more toxic towards certain bacteria than the other 
cations. The toxicity of the cations was not related to the atomic 
weight, but the rate of their bactericidal action was correlated to 
the size of the cation, the rate increasing with the decreasing radius 
of the cation. When the metallic salts were dissolved in a 0.9 per 
cent solution of NaCl or a 0.5 per cent solution of glucose instead 
of in distilled water, their bactericidal action was retarded. 

The following conclusions concerning the relative resistance 
of the bacterial strains may be drawn from the experiments made. 
The effect of the metallic salts usually was slower on Gram-posi- 
tive than on Gram-negative bacteria. The four strains of strepto- 
coccus tested (Sir. pyogenes and Str. faecalis) were relatively resist- 
ant to the bactericidal action of ScCl, and YbCl,, and two of the 
three strains of E. coli were relatively resistant to several of the 
metallic salts. Even during an exposure time of 24 hours, none of 
the salts had a bactericidal effect on B. subtilis, which was the only 
spore-forming bacterium studied. 
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